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Molecular random access memory cell
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Electronically programmable memory devices utilizing molecular self-assembled monolayers are
reported. The devices exhibit electronically programmable and erasable memory bits compatible
with conventional threshold levels and a memory cell applicable to a random access memory is
demonstrated. Bit retention times15 min have been observed. 2001 American Institute of
Physics. [DOI: 10.1063/1.1377042

The programmable storage of digital information asMolecules with the nitro moietie€l and 2) are observed to
packets of charge is beginning to reach not only technologiehange conductivity state, whereas the amine @8jyand
cal but fundamental limits. Electronic memories that operatehe unfunctionalized molecul@) do not exhibit storage. We
at the charge limite.qg., by single electron effegtaave been first describe the characteristics obtained by linear voltage
demonstrated? but have not yet addressed the dimensionakweepqcurrent(voltage 1(V) characteristick then demon-

limit, i.e., a single molecule. Although memory phenomenastrate the same effectand circui} using voltage pulses.
have been studied in bulk organic materi@sch as organo-

metallic charge-transfer complex saftsand thermally de-
posited thin films by scanning tunneling microscd M),

we demonstrate here charge storage in a self-assemble
nanoscale molecular devi¢g) that is operated as a random
access memory2) with practical thresholds and output un-
der ambient operatior§3) with bit retention times>10 min,
and(4) with the potential to be scaled to the single-molecule
level.

Figure 1 shows the molecules used in this study and
the operation principle of the memory. The devices consist
of a nanoscale(30-50 nm diametgr area of a self-
assembled monolayer contacted on both ends by metalli
contacts, using a method previously repoftéd.The
four systems studied were: AB—Au (1: 2'-amino-4- ®)
ethynylphenyl-4-ethynylphenyl-5-nitro-1-benzenethiolajge
Au—(2)—Au (2: 4-ethynylphenyl-4-ethynylphenyl-2-nitro- O
1-benzen-ethiolaje Au—(3)—Au (3: 2'-amino-4-ethynyl-
phenyl-4-ethynylphenyl-1-benzenethiolatdFig. 1(a)]; as -
well as Au~<4)—Au (4: 4-ethynylphenyl-4 ethynylphenyl- ® -
1-benzen-ethiolajethat had neither the nitro or amine func- Il
tionalities (structure not shown The memory device oper-

ates by the storage of a high or low conductivity state. Figure §

1(b) shows the write, read, and erase sequencdXprAn

initially low conductivity state(low o) is changedwritten) low o high ¢ high ¢ lowo
into a high conductivity statéhigh o) upon application of a V=0 V=v+ V>0 V=V-

voltage pulse. The direction of current that flows during thISFIG. 1. The configuration of the molecular devices and the operation prin-

“write” pulse is diagrammed. The higlor state persists as a jple of the storage and memory. Approximately 1000 molecules are sand-
stored “bit”, which is unaffected by successive read pulseswiched between Au contacts formed by a chemisorbed thiol/Au contact on
bottom and an evaporated Au contact on top. The entire active region has a
diameter of 30—50 nm(a), The molecule$1-3) used in this study. Another
dAuthor to whom correspondence should be addressed; electronic maitmolecular system that had neither the nitro or amine functionalities was also

mark.reed@yale.edu studied(not shown. (b), The memory device operates by the storage of a
BCurrent address: IBM—East Fishkill, Route 52, Hopewell Junction, NY high or low conductivity state. An initially low conductivity statew o) is

12533. changed into a high conductivity staieigh o) upon application of a volt-
9Current address: Motorola Labs, 7700 South River Parkway, Tempe, AZge. The direction of current that flows during the write and erase pulses are

85248. diagrammed by the arrows. The highstate persists as a stored bit.
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FIG. 2. I(V) characteristics of a Aud)—Au device.(a) The device at 200 T (1/K)

K. 0 denotes the initial state, 1 the stored written state, and 1-0 the differ- ) ] ] ] ] )

ence of the two states. Positive bias corresponds to hole injection from thE!G- 3. Bit retention as a function of time and temperat(seBit retention

chemisorbed thiol-Au contadt) Difference curveg1—0) as a function of  for (1) exhibits an exponential decay with a time constanbf 790 s at 260

temperature. K. (b) Temperature dependence ofjives an activation energi,=76+7
meV.

Figure 2a) shows thel (V) characteristids of a Au—
(1)—Au device at 200 K initially(defined as “0” and after
(defined as “1" a write pulse, as well as the difference
between the twdadefined as 1-0 Positive bias corresponds
to hole injection from the chemisorbed thiol-Au contébe
bottom in Fig. 1, not the top evaporated Au contadthe
device initially probed with a positive voltage exhibits a low

perature, 300 K. The time constant for this molecule was
measured to be 910(315 min at 300 K. The window over
which the 0 and 1 differ by a constant amountaf50 pA is
nearly 5V, providing well-separated thresholds. Subsequent
reads and resets identically recovered k) characteris-

conductivity state. Subsequent positive sweeps show a high @ T = 60K
conductivity state withl (V) characteristics identical to the 150.0p P
previous valueq1). Device bias swept in the reverse bias w
direction causes thV) to be identically reset to the initial, Z1000pL  f i
0 I(V) characteristic. The characteristics are repeatable to =1 :
high accuracy and device degradation is not observed. This 5 ‘
- S s0.0pt
ability to program, read, and refresh the state of the molecu- . g
lar device accomplishes the functionality of a random access o
memory(RAM). Figure Zb) shows the difference character- 00r 4 R
istic (1-0) of (1) as a function of temperature. . L L I
L N . 0 2 4 6
A characteristic bit retention time was obtained by mea- Voltage (V)
suring the stored high conductivity state at various times 800.0p
. . . e "o T=300K
intervals after programming the AgH—Au device. After an ®) 0w
initial write bias sweep, the peak current of the stored state 1 600.0p-
exhibits an exponential decay with a time constént of _
approximately 800 s at 260 KFig. 3(a)]. Measurements of < 400.0p- \
the retention time at different temperatures yields an expo- g
. . . . . " Setpoints for Figure 5§
nential dependence with T/ indicating an activated behav- © 0000 /
ior [Fig. 3(b)]: 7= 7o expE,/E.KT). The activation energk, - ]
for this molecule over this bias regime was found to be ap-
proximately 80 meV. 001
Memory effects were also observed in devices with the 1.00 1.25 1.50 175 2.00
molecules having only the nitro moietg), although in this Voltage (V)

case the storage was .OﬂmN CondUCtIVIty state, opposite to FIG. 4.1(V) characteristics of stored and initial/erased states in(B+Au
that of mOIGCUIe(l)- Figure 4 demonstrates the storage Ofat(a) 60 K and(b) ambient temperatur@00 K). The setpoints indicated are

this state in moleculé?) at (a) 60 K and(b) ambient tem-  the operating points for the circuit of Fig. 5.
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read read have been observed with no degradation in performance. The
operating speed of the device is limited by the RC time con-
A stant, which can be improved by varying functional end-
ST T : L2 J groups to increase current dendiyRecent, similar STM
";J v; o T Input work!® demonstrated operating speeds of 80 ns.
: \_1].._4.._/7 ol The present devices utilize nanoscale structures that con-
|
4
\

. 3 | W strain the number of molecules in the active region to a few
i N thousand which is determined by lithographic limitations in
q I [ L | output defining the contacts. There are no indications in the charac-
0 ' 20 teristics observed in this study that limitations exist for scal-
t(s) ing the number of molecules in the active region of the de-
write write vice to one, assuming that an appropriate fabrication scheme
erase erase can be identified.

Voltage (5V/div)

FIG. 5. Measured logic diagram of the molecular random access memory.  This work was supported by DARP#hrough ONR
and SRC.

tics. At 300 K, thermal activation does contribute some non-

zero 0 current, although the threshole are still well sepgrateqs Twari E Rana. H. Hanafi A Hartsein. E. F. Crabbe. and K. Chan

(between 200 and 500 pAThe details of the mechanism Abpl. Ph)’/s.'Lett.GS’, 1é77(1996.' R ’ ' ’

that causes a high conductivity state(l) and a low con- 24 single electron memory operating 4 K was deronstrated in N. J.

ductivity state in(2) are presently under investigation. Stome and H. Ahme, IEEE Electron Device L&, 583 (1999.
. . . . . 3
Figure 5 is a measured logic diagram demonstrating a R1~937-9'°°tembeﬂ T. . Pochler, and D. O. Cowan, Appl. Phys. 841405

RAN_I cell using these devicgspecifically, molecule2)] _aF “R. S. Potember, T. O. Poehler, D. O. Cowan, and A. N. Bloclléttri-
ambient temperature. To convert the stored conductivity t0 cal Switching and Memory Phenomena in Semiconducting Organic
standard voltage conventions, the output of the device wasCharge-transfer ComplexesThe Physics and Chemistry of Low-
dropped across a resistor. sent to a compar[aie’r at the Dimensional Solids, edited by L. AlcacéReidel, Dordrecht, 1980 p.

points diagrammed in Fig.(4)], and inverted and gated with s "5 \1a v, 1 Song, H. J. Gao, W. B. Zhao, H. Y. Chen, Z. Q. Xue, and
the read pulse. The upper trace shown in Fig. 5 is an inputs. J. Pang, Appl. Phys. Le9, 3752(1996.
wave form applied to the device, and the lower is the RAM °C. ZhOU(. M-;- Deshpande, M. A. Reed, and J. M. Tour, Appl. Phys. Lett.
: . - 71, 611(1997.
cell outpu_t.. The flrst positive pulse conflgures the_s_tate of the7J‘ Chen. M. A. Reed, A. M. Rawlett, and J. M. Tour. Scie68, 1550
cell by writing a bit, and the second and third positive pulses (199q
read the cell. The third puls@and subsequent read pulses 2The characteristics discussed here are for the low bias regime high tem-
demonstrates that the cell is robust and holds the state up tgoerature regime.
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peats this pattern, and many hours of continuous operationFang, S. J. Pang, and S. J. Pennycook, Phys. Rev.84t1780(2000.
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